to presenilins (reviewed in Wolfe, 2001). Several observations, however, suggest that additional proteins are required for presenilin regulation and ␥-secretase activity. First, presenilins are processed to an active, stable form by endoproteolysis, and the abundance of pro- defect and a partially penetrant protruding vulva defect
indicative of loss of glp-1 signaling (Figure 2A-2F) . First, pen-2 gene activity to glp-1/lin-12 signaling at later developmental stages, we took advantage of transgenes maternally deficient aph-1 and pen-2 embryos make most differentiated tissues, including the posterior pharthat only partially restore maternal activity. We obtained rescue of the aph-1 maternal embryonic lethality using ynx, but fail to make anterior pharynx (Aph phenotype). Second, the aph-1 and pen-2 embryos arrest with severe an aph-1 genomic DNA fragment under the control of sel-12 regulatory elements and of pen-2 maternal emmorphogenesis defects. Hypodermal cells fail to enclose the embryo ventrally, and some tissues, including bryonic lethality using genomic pen-2 DNA under control of its endogenous regulatory elements. Progeny of intestine, are found at the surface of the embryo. These embryonic defects are, at the level of our analysis, indisaph-1 or pen-2 homozygotes that carry a rescuing transgene were fully rescued for embryonic lethality (Table  tinguishable from those caused by removal of maternal glp-1, aph-2, or presenilin function.
3). In general, transgene arrays are expressed poorly in the C. elegans germline, an effect enhanced by growth To assess the contribution of maternal aph-1 and glp-1-like sterility (data not shown). These results suggest that transgene-supplied maternal aph-1 and pen-2 gene activity is sufficient for embryonic, but not for postembryonic, glp-1 signaling. Thus, aph-1 and pen-2 are required for glp-1-mediated signaling, both in early embryonic patterning and in postembryonic germline proliferation.
aph-1 and pen-2 Interact Genetically with Presenilins and aph-2/Nicastrin aph-1 and pen-2 single mutants do not exhibit glp-1 signaling defects in the germline due to the presence of maternal aph-1 and pen-2 gene activity. In contrast, aph-1; sel-12 and pen-2; sel-12 double mutants are sterile and exhibit glp-1-like defects in germ cell proliferation ( Figure 2H ). The aph-1; sel-12 and pen-2; sel-12 double mutants display two additional phenotypes that are characteristic of reduced lin-12 signaling during development of the somatic gonad and vulva. First, they contain two anchor cells (2 AC phenotype; Figures 2I and 2J), and, second, they display a protruding vulva (Pvl) phenotype that, by both expressivity and penetrance, is stronger than that of sel-12 mutants ( Figure 2H ). Thus, removal of aph-1 or pen-2 zygotic activity in sel-12 mutants results in a loss of both glp-1-and lin-12-mediated signaling effects. These specific phenotypic interactions provide genetic evidence that aph-1 and pen-2 act in the same process as presenilins.
We next analyzed the phenotypes of double mutants that lacked combinations of aph-1, pen-2, and aph-2 gene function (Table 1) . aph-1; pen-2 double mutants made with chromosomal mutations or RNAi did not reveal any additive effects and resemble the single mutants in all respects. No interaction was observed between pen-2 and the strong aph-2 chromosomal allele ep335 in a hop-1 aph-2; pen-2 triple mutant combination (an aph-1 aph-2 double mutant was not constructed). However, RNAi of aph-2, which should deplete maternal as well as zygotic aph-2 RNA, interacts strongly with aph-1 or pen-2 to give highly penetrant glp-1-like sterility. Thus, aph-1 and pen-2 interact strongly with aph-2 but show no comparable interaction with one another.
We also observed differences between aph-1 and perdurance of maternal gene products, or gene-specific differences in sensitivity to RNAi. Although these genetic at 15ЊC, and arrays are not transmitted to all progeny. data do not distinguish these possibilities, the overlapWe found that, when reared at 15ЊC, aph-1 or pen-2 ping specific interaction phenotypes indicate that aph-1, homozygous mutant progeny that fail to inherit a transpen-2, and aph-2 all function in concert with presenilins in Notch pathway signaling. gene array grow to adulthood but show fully penetrant Struhl and Greenwald, 1999) . We used this genetic assay to ask found that, in contrast to their ability to suppress lin-12(gf) alleles, aph-1 and pen-2 do not suppress lin-12(intra) whether aph-1 and pen-2, like presenilin and nicastrin, act at or upstream of S3 cleavage. phenotypes ( Table 2 ), indicating that aph-1 and pen-2 act at or upstream of presenilin-dependent S3 cleavage. lin-12(n950) confers highly penetrant gain-of-function (gf) phenotypes that include formation of ectopic pseudovulvae (Muv phenotype) and absence of an anchor pen-2 Is Broadly Expressed and Is Localized in Intracellular Membrane Compartments cell (0 AC phenotype). sel-12 mutations partially suppress both lin-12(n950) phenotypes (Levitan and GreenTo examine the pen-2 expression pattern, we fused green fluorescent protein (GFP) in-frame with pen-2 codwald, 1995) (Table 2) , with residual lin-12(n950) activity likely dependent on hop-1 activity. We find that ing sequences in the context of a pen-2 genomic rescuing fragment. Because we did not obtain rescue with aph-1(ep140) partially suppresses the lin-12(n950) Muv and 0 AC phenotypes (Table 2 ). This suppression is aph-1 under its endogenous regulatory elements, we ( Figure 3 ). pen-2::GFP fluorescence was not detectable in early embryos, even though the pen-2::GFP transgenes rescue early pen-2 function. In later stages, most cells show strong perinuclear localization of GFP and a nonuniform cytosolic signal, which likely represents localization to intracellular membranes, such as endoplasmic reticulum (ER) and Golgi. A comparable pattern of broad tissue distribution and subcellular membrane localization has been reported for a sel-12::GFP fusion (Levitan and Greenwald, 1998). We examined PEN-2::GFP expression in aph-1, aph-2, and hop-1; sel-12 mutants and observed no significant changes in expression levels or localization, although we have not determined whether transgenic PEN-2::GFP accurately reflects the expression pattern of endogenous PEN-2 or whether overexpression of the transgene masks changes in a functional pool of the protein.
We also examined human aph-1 and pen-2 gene transcript distribution by Northern blotting and RT/PCR and found that haph-1a, haph-1b, and hpen-2 are expressed in all 15 tissues tested, including brain (data not shown). Thus, the haph-1 and hpen-2 genes are broadly ex- genes for their ability to rescue aph-1 and pen-2 mutant aph-1, pen-2, and presenilin-1 (PS1) genes would rescue the aph-1 or pen-2 mutants. We found that a mixture phenotypes. Transgene lines expressing the C. elegans aph-1 or pen-2 cDNAs were readily obtained and fully containing haph-1a, haph-1b, hpen-2, and PS1 injected at 25 g/ml/cDNA generated transgenic lines that parrescued the aph-1 or pen-2 Egl phenotypes (Table 3) . Although the aph-1 or pen-2 Mel phenotypes were not tially rescued the aph-1 and pen-2 Egl phenotypes. The human gene mixture, in contrast to the individual genes, rescued in these lines, due to inefficient transgenic promoter activity in the germline, rescue of the Egl phenois able to functionally rescue both the aph-1 and pen-2 mutants. types provides a context for assaying rescue by the human aph-1 and pen-2 genes. Rescue was quantitated
We next examined the minimal requirements for rescue of pen-2 mutants by the human gene mixture (Table  by the (Figure 4) . Injection of haph-1a, haph-1b, or hpen-2 cDNAs at concentrations comparable to those can substitute for C. elegans pen-2 function when provided in the context of haph-1 and PS1. Either haph-1a used for the C. elegans aph-1 and pen-2 gene cDNAs (25-90 g/ml) failed to produce transgene lines, but inor haph-1b could be omitted without reduction of rescuing activity, demonstrating that the two human aph-1 jection at lower concentrations (0.2-15 g/ml) yielded viable lines at low frequencies. Although RT-PCR analyisoforms are functionally equivalent in this assay when provided in the context of hpen-2 and PS1. When both sis showed that the transgenes expressed RNA (data not shown), none of the lines were rescued for the aph-1 haph-1a and haph-1b were omitted, no transgene lines were recovered, suggesting that at least one of the or pen-2 Egl phenotypes. Individual human aph-1 and pen-2 cDNAs are thus unable to substitute for the C.
haph-1 genes must be provided in the context of hpen-2 and PS1 for rescue of pen-2. Finally, omission of PS1 elegans aph-1 and pen-2 genes under these conditions. Because presenilin functions as part of a protein comfrom the mixture reduced, but did not eliminate, rescue. Thus, a combination of hpen-2, haph-1a, and haph-1b plex, we next tested whether coexpression of human elegans ( Figure 5C ). These results demonstrate that this selective ␥-secretase inhibitor interferes with Notch signaling in vivo in Drosophila and C. elegans. In Dmel2 cell assays, compound E inhibited membrane-tethered APP C99-GV reporter activity by 2-to 3-fold but had no effect on the non-membrane-bound APP C59-GV reporter activity ( Figure 5E ). Similar reporter inhibition was obtained with two additional ␥-secretase inhibitors (data not shown). Membrane-tethered N ECN -GV reporter activity was inhibited by compound E at very similar concentrations to C99-GV, while N (INTRA) -GV reporter activity was unaffected (data not shown).
To determine whether the ␥-secretase activity we observe in Dmel2 cells produces the same cleavage products as the human enzyme, we measured secreted A␤ peptides released from the C99-GV substrate using specific A␤40 and A␤42 ELISA assays. A␤40 and A␤42 are both detected, and, as in human cell supernatants, A␤40 is approximately 10-fold more abundant than A␤42. Production of both peptides is inhibited by compound E to presenilin levels ( Figure 5F ), but the strong inhibition of A␤ production we observe in this assay cannot be explained simply by reduction in presenilin CTF levels. are sufficient for rescue of pen-2, and PS1 contributes These data confirm that Dmel2 cells have an endogenous substantially to the overall rescuing activity. We did not ␥-secretase activity with pharmacological and substrate obtain transgene lines with pen-2 and a single haph-1a
cleavage properties similar to human ␥-secretase. or haph-1b isoform in the absence of PS1, providing We next used RNAi to determine whether ␥-secretase further evidence that hpen-2, haph-1, and PS1 interacactivity in Dmel2 cells is presenilin dependent (Figures tions all contribute to a functional rescuing activity. The 5I-5M). RNAi of Drosophila psn strongly reduced endogcorequirement for hpen-2 and haph-1 is consistent with enous PSN C-terminal fragment (CTF) protein levels our genetic results showing similar, nonadditive func-( Figure 5K ). psn RNAi also reduced secreted A␤40 and tions for aph-1 and pen-2 and suggests that they coop-A␤42 peptides by 85% ( Figures 5L and 5M ) and deerate closely in the same process to promote presenilin creased C99-GV and N ECN -GV reporter gene activity by activity. 50%-70% but had no effect on the intracellular domain reporters C59-GV or N INTRA -GV ( Figures 5I and 5J ). RNAi aph-1 and pen-2, Like Nicastrin, Are Required against two control genes, dack and rosy (xanthine defor ␥-Secretase Activity and Presenilin hydrogenase), had no effect on APP or Notch reporter Protein Accumulation assays, secreted A␤, or PSN CTF protein levels. The APP To study the roles of aph-1 and pen-2 in APP and Notch cleavage reporter, Notch cleavage reporter, and A␤ ELISA cleavage, we developed ␥-secretase activity assays in assays thus each demonstrate presenilin dependence and Drosophila tissue culture cells (Figure 5D ), similar to provide independent measures of ␥-secretase function. nuclear access assays that accurately report presenilinWe find that RNAi of Drosophila aph-1, pen-2, or nicdependent processing in Drosophila ( of human aph-1 and pen-2 genes together, but not on nicastrin, whereas aph-2 is rescued by human nicastrin Discussion alone (Levitan et al., 2001 ). APH-2/nicastrin is a type 1 glycosylated transmembrane protein, while aph-1 and Using a genetic approach in C. elegans, we identified pen-2 are predicted to be polytopic integral membrane aph-1 and pen-2, two new, phylogenetically conserved proteins, suggesting a basis for functional differences members of the Notch pathway. aph-1 and pen-2 have between aph-2 and the aph-1 and pen-2 genes. We very similar functions in C. elegans, as their individual suggest that aph-1 and pen-2 interact closely with each mutant phenotypes and their genetic interaction phenoother in the same process, perhaps at the same step, types with aph-2, hop-1, and sel-12 are indistinguishbut in a role somewhat distinct from that of aph-2/nicasable. aph-1 and pen-2 are required for all lin-12-and trin to facilitate presenilin activity. glp-1-mediated signaling events we have examined, and
In our rescue experiments we found that human aph-1 no phenotypes were observed in the aph-1 or pen-2 and pen-2 are corequired for rescue. APH-1 and PEN-2 mutants that would suggest functions in other non-linthus cooperate functionally, consistent with a model in 12/glp-1-dependent processes. We conclude that aph-1 which the two proteins associate directly. The APH-1 and pen-2 define new obligate members of the Notch and PEN-2 proteins are highly conserved, but sequence signaling pathway.
divergence between the C. elegans and human APH-1 The sel-12 enhancer screen identified only these two and PEN-2 proteins might interfere with functional genes with strong effects on germline presenilin activity.
cross-species APH-1/PEN-2 interactions and account Three other related genetic screens for presenilin pathfor the corequirement we observe for aph-1 and pen-2 way components, which isolated additional alleles of mutant rescue. Cross-species interactions between a aph-1, pen-2 and aph-2, but no additional genes with putative APH-1/PEN-2 unit and presenilins can occur similar strong phenotypes, were performed (our unpubbecause haph-1 and hpen-2 together are able to confer lished data). If other genes that are essential for presenilow-level rescue of pen-2 mutants in the absence of PS1 lin function in C. elegans exist, they may be masked by and because human PS1 or PS2 alone is able to rescue genetic redundancy or may have additional functions sel-12 mutants (Levitan et al., 1996) . However, coinjecand associated phenotypes that obscure their contribution of human PS1 together with haph-1 and hpen-2 tions to Notch signaling. These genetic studies suggest improves the efficiency of pen-2 rescue, suggesting that that aph-1, pen-2, and aph-2 define a set of genes that is the putative APH-1/PEN-2 protein complex also interunique in the strength and specificity of their interactions acts with presenilin, and these interactions are more with the presenilin genes. functional with intraspecific forms. APH-1 and PEN-2 are The lin-12(gf) suppression tests and Drosophila cell good candidates to be regulators and/or components of culture experiments on defined ␥-secretase substrates the high-molecular weight ␥-secretase complex. presented here demonstrate that aph-1 and pen-2 are The role for ␥-secretase in proteolysis of Notch, APP, required for Notch and ␤APP cleavages, specifically, at and other cell surface transmembrane proteins sugthe presenilin-mediated ␥-secretase/S3 step. We also gests a site of action at the cell surface or in endocytic found that aph-1 and pen-2, like nct, are required for compartments. Some presenilin is detected in these loaccumulation of processed presenilin protein. Reporter Assay System (Promega) and a Wallac Victor2 V1420 removes amino acids 34-441 and shifts the sel-12 reading frame.
Multilabel HTS counter (PerkinElmer Life Sciences). Drosophila prehop-1(ep90) removes the C-terminal 144 amino acids and most of senilin CTF antibody was generated in rabbits by immunization with the hop-1 3Ј UTR. hop-1(ep168) and hop-1(ep171) are strong alleles a KLH-coupled peptide containing presenilin amino acids 359-376 isolated in the sel-12 enhancer screen. RNAi assays were performed (CASGQRTGNSHPRQNQRDD). Anti-peanut monoclonal antibody by microinjection.
4C9H4 was obtained from the Developmental Studies Hybridoma For the sel-12 enhancer screen, sel-12(ep6) or unc-74; sel-12(ep6) Bank. The compound E material used here was a racemic mixture hermaphrodites were treated with ethyl methane sulfonate and sinat carbon 3. gle F1 self-progeny picked onto separate plates. Sterile F2 selfFor A␤ assays, Dmel-2 cells stably transfected with C99-GV were progeny with a dark appearance were examined using Nomarski treated with inhibitor or dsRNA for 72 hr and induced with 70 M DIC optics to identify mutants with glp-1-like sterility. Heterozygous CuSO 4 for 24 hr. Half of the supernatants were collected and assayed mutants were crossed to dpy-19; him-4; lon-2 males, and segregafor specific A␤ forms by sandwich ELISA (Yan et al., 1999) using tion of the sterile phenotype was followed in the F2 and of the Exelixis Genetics department for helpful discussions. Some were generated by injection into unc-29 aph-1(ep140)/fog-3 and of the C. elegans strains used in this work were provided by the pen-2(ep220) dpy-18/unc-119 stocks, and one array in each was Caenorhabditis Genetics Center. chosen for suppression tests. 
